Background: Decreased CaMKII activity after ischemia is correlated with the extent of neuronal damage. Results: CaMKII inhibition within cortical astrocytes decreases glutamate uptake and leads to neurotoxic ATP release. Conclusion: Astrocytic CaMKII inactivation leads to cellular dysfunction and compromised neuronal survival. Significance: Pathophysiological inactivation of CaMKII contributes to ischemic damage via disrupting astrocyte-neuron communication.
The extent of calcium/calmodulin-dependent protein kinase II (CaMKII) inactivation in the brain after ischemia correlates with the extent of damage. We have previously shown that a loss of CaMKII activity in neurons is detrimental to neuronal viability by inducing excitotoxic glutamate release. In the current study we extend these findings to show that the ability of astrocytes to buffer extracellular glutamate is reduced when CaMKII is inhibited. Furthermore, CaMKII inhibition in astrocytes is associated with the rapid onset of intracellular calcium oscillations. Surprisingly, this rapid calcium influx is blocked by the N-type calcium channel antagonist, -conotoxin. Although the function of N-type calcium channels within astrocytes is controversial, these voltage-gated calcium channels have been linked to calcium-dependent vesicular gliotransmitter release. When extracellular glutamate and ATP levels are measured after CaMKII inhibition within our enriched astrocyte cultures, no alterations in glutamate levels are observed, whereas ATP levels in the extracellular environment significantly increase. Extracellular ATP accumulation associated with CaMKII inhibition contributes both to calcium oscillations within astrocytes and ultimately cortical neuron toxicity. Thus, a loss of CaMKII signaling within astrocytes dysregulates glutamate uptake and supports ATP release, two processes that would compromise neuronal survival after ischemic/excitotoxic insults.
Calcium/calmodulin (CaM) 2 -dependent protein kinase II (CaMKII) is a multifunctional serine/threonine protein kinase that plays an essential role in synaptic plasticity, learning, and memory. All four CaMKII genes (␣, ␤, ␦, and ␥) are expressed in the nervous system, with ␣ and ␤ isoforms predominating within neurons and the ␦ isoform predominating within astrocytes (1) (2) (3) (4) (5) (6) . The dodecameric structure of the CaMKII holoenzyme provides a platform for a complex intersubunit autophosphorylation reaction (7) (8) (9) (10) that allows the kinase to uncouple from the calcium transient and extend its activity beyond Ca 2ϩ / CaM binding (10 -13) . Thus, CaMKII is believed to integrate temporal information inherent to the dynamic nature of calcium signaling to produce a level of "sustained" CaMKII activity that represents both past and present cellular activity. An interesting question that arises from this is: What happens to cellular activity/physiology in the absence of CaMKII signaling?
Insight into this question may be ascertained from previous studies examining the role of CaMKII after excitotoxic insults. CaMKII has been shown to rapidly inactivate and aggregate after excitotoxic insults such as ischemic stroke (14 -18) . The extent/pattern of this CaMKII inactivation radiating from the ischemic core into the surrounding penumbral region correlates to the extent/pattern of tissue damage induced by the ischemic insult (14) . Interestingly, ␣CaMKII knock-out mice display greater damage after ischemic stroke than wild-type littermates (19) . Furthermore, genetic as well as pharmacological inhibition of CaMKII within neurons has been associated with several pathological deficits including the disruption of calcium homeostasis, hyperexcitability, dysregulation of glutamate signaling, and neuronal death (20 -22) . Together, these studies show that a loss of CaMKII signaling is detrimental to neuronal function and survival.
There is an obvious knowledge gap regarding whether these detrimental effects associated with a loss of CaMKII activity are limited to excitable cells like neurons or whether a loss of CaMKII signaling compromises the function of other cell types, including astrocytes, which play a critical role in modulating neuronal physiology, as they not only buffer neurotoxic signals such as excitotoxic levels of glutamate but also release gliotransmitters (23) (24) (25) (26) . In support of the hypothesis that a loss of CaMKII in astrocytes may alter their activity, astrocyte dys-function is observed during ischemic stroke. Not only is glutamate uptake reduced in astrocytes after ischemia, literature also suggests that the neurotoxic levels of extracellular ATP observed after insult are likely derived from astrocytes (27) (28) (29) (30) (31) (32) . To date, the mechanisms underlying astrocyte dysfunction have not been elucidated. We hypothesize that the astrocytic dysfunction observed after ischemia may, in part, be due to a loss of CaMKII signaling.
In the current study we used acute and chronic application of CaMKII inhibitors to investigate whether cultured astrocytes exhibited ischemia-related phenomena (altered calcium signaling, reduced glutamate uptake, and aberrant gliotransmitter release) when CaMKII was inactivated. Our data support a feed-forward model by which CaMKII inhibition in astrocytes compromises neuronal survival by decreasing glutamate uptake and dysregulating purinergic signaling. Together, our data has led to the development of a working model whereby loss of CaMKII signaling within both neurons and their supporting astrocytes sets the limit and severity of the neuronal death observed after ischemic insult.
EXPERIMENTAL PROCEDURES
Materials-Peptide inhibitors including tat-CN21 (YGRK-KRRQRRKRPPKLGQIGRSKRVVIEDDR) and tat-CN21Ala (YGRKKRRQRRKAPAKAAQAAASKRVVIEDDR) as well as Fam-labeled versions of these peptides were synthesized by Biopeptide Co. Inc, San Diego, CA. KN-93 (422708) and KN-92 (422709) were purchased from EMD Millipore. Myristoylated AIP (64929) was purchased from Anaspec, Fremont, CA. MRS 2179 (0900), A 740003 (3701), and ARL 67156 (1283) were purchased from Tocris. MK-801 (M107), 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) (C239), nifedipine (N7634), -conotoxin (C9915), suramin (S2671), and apyrase (A6535) were purchased from Sigma.
Neuron and Astrocyte Cultures-Mixed co-cultures of neurons (both cortical and hippocampal) and astrocytes were derived from E18 to E19 Sprague-Dawley rat pups according to approved Institutional Animal Care and Use Committees guidelines as described previously (20) . Pure astrocytes were derived from postnatal day 1-3 Sprague-Dawley rat pups following the methods established by McCarthy and de Vellis (33) . In brief, after enzymatic digestion and trituration, cortical cells were resuspended in growth media (DMEM containing 2% NuSerum, 10% fetal bovine serum, penicillin (10 units/ml), streptomycin (10 g/ml), and L-glutamine (29.2 g/ml)) at a density of 2.5 million cells/ml and seeded on 50 g/ml poly-Dlysine-coated 10-cm dishes. Cells were fed every 3-4 days, with half of the conditioned media being replaced with fresh growth media. When the cultures became confluent (7) (8) , the plates were shaken to remove oligodendrocytes and microglia. After a wash, trypsin was used to passage the astrocytes, and they were subsequently seeded on 12-or 15-mm coverslips or 30-mm dishes coated with poly-D-lysine. The cultures were then grown in neuronal growth media (Neurobasal containing 2% NuSerum, 2% NS21, penicillin (10 units/ml), streptomycin (10 g/ml), and L-glutamine (29.2 g/ml)) until treatment (after an additional 3-4 DIV). Pure cortical neurons were grown on 12-or 15-mm poly-D-lysine coverslips as previously described (20) for 8 -10 DIV until treatment.
Imaging Intracellular Calcium and Mitochondrial Membrane Potential-Co-cultures of neurons and astrocytes (10) (11) (12) as well as cultures of pure astrocytes were loaded with Fluo-4AM or 2.6 M Fura-2FF-AM/Rhodamine123 and subsequently imaged as described previously (20) . The use of Fluo-4AM or Fura-2FF-AM is highlighted under "Results." During imaging, the cultures were incubated in rat physiological saline (138 mM NaCl, 2.7 mM KCl, 1.8 mM CaCl 2 , 1.06 mM MgCl 2 , 12.4 mM HEPES, pH 7.4, 5.6 mM glucose; final pH adjusted to 7.3) as described (20) . A Nikon Ti-E inverted fluorescent microscope was utilized to monitor fluorescence intensity once every 5-10 s. Base line was monitored for 2-5 min. To identify neurons in the co-culture experiments, a 20 mM KCl depolarization was employed at the start of the imaging. Neurons were identified as cells that immediately responded to KCl with a robust increase in calcium. In all experiments with CaMKII inhibitor application, the inhibitor was added 5 min after the start of imaging. For experiments requiring various receptor/channel antagonists, the drugs were applied at the 2-min mark to identify whether the drug itself had an impact on calcium levels before CaMKII inhibitor application. Analysis was performed using Nikon Elements 3.0 in which fluorescence intensity is measured in at least 10 cells per field. The fluorescence intensity of each cell was normalized to time 0 (or the 5 min mark) as the CaMKII inhibitor was applied.
Immunocytochemistry of Astrocyte Cultures-Glial cultures (3-4 DIV after split onto coverslips) were immunostained as previously described (20, 34) . After fixation, permeabilization, and blocking, the cultures were incubated in polyclonal anti-GFAP (1:1000 Sigma), monoclonal anti-OX-42 (1:500 Abcam), polyclonal anti-pan-CaMKII (1:1000 Cell Signaling), or monoclonal anti-vimentin (1:500 Millipore) overnight at 4°C. After three washes, secondary antibodies (anti-rabbit Alexa 488 or anti-mouse Alexa 594 , 1:5000 (Molecular Probes) were applied for 1 h at room temperature. Coverslips were washed in PBS three times and were subsequently mounted in Prolong Gold Antifade with DAPI mounting media (Molecular Probes), and cells were imaged using a Zeiss Axio ObserverZ1 and processed with Axiovision 4.
CaMKII Activity Assay-Astrocyte cultures were lysed in lysis buffer (20 mM Tris, pH 7.4, 200 mM NaCl, 0.1 mM EDTA, and 2ϫ protease inhibitor mixture (Millipore, 539137)) as described previously (20, 34) , sonicated, and incubated with 0.1% Triton X-100 for 5 min. To measure total CaMKII activity, lysate was then incubated with 50 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 100 M ATP, 2 mM CaCl 2 , 5 M CaM, 50 m AC-2 (KKALRRQETVDAL), and [␥-
32 P]ATP (3 Ci per reaction) for 3 min at 30°C. To measure autonomous CaMKII activity, lysate was incubated in 50 mM HEPES, pH 7.4, 100 mM NaCl, 10 mM MgCl 2 , 100 M ATP, 5 mM EGTA, 50 M AC-2, and [␥-
32 P]ATP (3 Ci per reaction) for 3 min at 30°C. The linear range of the phosphorylation reactions extended from 1 to 10 min. Protein levels were assessed using the DC protein assay kit (Bio-Rad), and activity was normalized to total protein.
Inhibitor Uptake Analysis-Fluorescently conjugated peptides (tat-CN21-Fam and tat-CN21Ala-Fam) were diluted in fresh media and applied to astrocyte cultures at a final concentration of 10 M for varying lengths of time (0 -20 min). After treatment, coverslips were washed 3 times in PBS before blotting and were then mounted in Prolong Gold Antifade with DAPI mounting media. Coverslips were then imaged in three different fields with a Zeiss Axio Observer Z1 and processed with Axiovision 4. The total cell number (DAPI staining) and the total fluorescent cell number (FITC detection) were then quantified. No fluorescence was detected in cultures that were not treated with the fluorescent peptides.
Glutamate Uptake Assays-Astrocyte cultures were pretreated with various pharmacological antagonists for 20 min at 37°C. Rat physiological saline (above) containing 0.1 g/ml [ 3 H]glutamate (American Radiolabeled Chemicals) and 100 M unlabeled glutamate was then applied to astrocytes for 20 min at 37°C. The cultures were then washed in cold PBS, lysed in lysis buffer (above) containing 0.1%Triton X-100, vortexed, incubated for 5 min on ice, and diluted in 8 ml RadSafe (Beckman Coulter). [ 3 H]Glutamate within the lysates was quantified using a Beckman liquid scintillation counter. For normalization, protein levels within the lysates were assessed using a DC protein assay (Bio-Rad).
ATP Measurements-ATP concentrations in the media were assessed using the Enlighten ATP Assay System per the manufacturer's protocol (Promega). The luciferase was detected and quantified using a Victor V3 plate reader. The ATP detection assay standard curve was linear from 0.001 nM to 0.1 M.
Glutamate Measurements-Concentrations of extracellular glutamate were quantified using a glutamate oxidase assay (Invitrogen) as described previously (20) .
Cell Death Measurements-Neuronal coverslips were stained using the Live/Dead Viability/Cytotoxicity kit (Molecular Probes) as previously described (20, 34) . The cells were imaged using a Zeiss Axio Observer Z1 and processed with Axiovision 4 (ϫ100 magnification). Each coverslip was imaged in three different fields. The images were exported, and automated cell counting software (Nikon Elements v3.0) was used to quantify cytotoxic cells (Texas red filter), viable cells (FITC filter), or total cell number (DAPI filter). Viability analysis indicates toxicity in 5-10% of cells under control conditions (after media exchanges and washing during control treatments).
Data Analysis-Statistical analysis was performed using SigmaPlot 11 software. One-way ANOVA with a subsequent Dunnett's test was used to compare differences between the means of each group in the in situ calcium imaging experiments, in vitro catalytic assays, and in situ cell death assays. When appropriate, an unpaired Student's t test was performed.
Significance was set at a p value of Ͻ0.05.
RESULTS
CaMKII Inhibition in Astrocytes-We hypothesized that a loss of CaMKII signaling in neuronal support cells, such as astrocytes, may contribute to ischemia-induced damage. To identify if astrocyte function is altered after CaMKII inactivation, we elected to pharmacologically inactivate CaMKII within cultured cortical astrocytes rather than use genetic approaches, as this mimics the rapid loss of CaMKII activity observed in brain tissue during an ischemic insult (14, 15) . Importantly, this model allows for the exploration of functional changes in astrocytes produced by CaMKII inactivation in the absence of excitotoxic levels of glutamate. CaMKII was inhibited using the specific CaMKII inhibitor, CN21, conjugated to the tat cellpenetrant motif for intracellular delivery, as described previously (20, 34, 35) . The inactive control, tat-CN21Ala, was utilized to characterize specificity of the tat-CN21-induced effects (34) .
Although we employed a well characterized methodology for astrocyte cultures (33) (see "Experimental Procedures"), we used immunohistochemistry to further characterize these cultures. Fluorescent immunostaining indicated that 93.9 Ϯ 10.8% (n ϭ 6) of these cells were GFAP-positive, and 78.9 Ϯ 21.2% (n ϭ 6) were vimentin-positive ( Fig. 1 , A-C), whereas only 2.3 Ϯ 3.9% (n ϭ 6) were OX42-positive, suggesting these cultures were predominantly reactive astrocytes with little microglial contamination. The absence of MAP-2 immunostaining in these astrocyte cultures suggests no neuronal contamination.
We next examined CaMKII expression and activity within our astrocyte cultures. Immunocytochemical analysis indicated that 93.0 Ϯ 9.8% of our astrocytes in culture exhibited CaMKII staining using a pan-CaMKII primary antibody ( Fig. 1 , B and C). The catalytic activity of CaMKII within our astrocyte cultures was assessed to determine the extent of activated (autonomous) CaMKII within our cultures. We measured the Ca 2ϩ /CaM-dependent and Ca 2ϩ /CaM-independent CaMKII activity using the highly specific CaMKII peptide, AC-2 (20, 36) . The CaMKII activity measured in the presence of Ca 2ϩ /CaM is defined as the total pool of CaMKII activity, whereas the activity measured in the absence of Ca 2ϩ /CaM is defined as the pool of autonomous or Ca 2ϩ /CaM-independent activity (10, 11, 37) . Thus, the fraction of autonomous CaMKII is believed to represent the pool of CaMKII activated in situ. We observed that under basal conditions, 14.0 Ϯ 2.6% (n ϭ 4) of the total CaMKII activity within our cultured astrocytes was autonomous.
To confirm that the high affinity CaMKII inhibitor, tat-CN21 (34, 38) , in fact reduced CaMKII activity in the astrocyte cultures, we measured Ca 2ϩ /CaM-stimulated and autonomous CaMKII activity in the astrocytes after 10 min of exposure to the active and control tat-CN21 inhibitor. This relatively short exposure to tat-CN21 significantly reduced autonomous CaMKII activity (40.8 Ϯ 19.9 and 38.7 Ϯ 13.5% decrease in total and autonomous CaMKII activity) in tat-CN21-treated cultures compared with cultures treated with DMSO or control tat-CN21Ala respectively (Fig. 1, D and E) .
In an effort to correlate the reduction in CaMKII activity with the uptake of the CaMKII inhibitors, we applied the carboxyfluorescein-tagged tat-CN21 to astrocytes and measured cellular uptake using fluorescent microscopy as described previously for cortical neurons (20) . Remarkably, fluorescent peptide uptake was observed within seconds, with tat-CN21-Fam rapidly taken up by 46.3 Ϯ 7.4% of astrocytes (tat-CN21Ala taken up in 44.8 Ϯ 3.1% of cells) (Fig. 1F) . The uptake of the peptide inhibitors in cultured astrocytes is considerably faster than we previously observed in cortical neurons (34) . Although we cannot rule out that subpopulations of the cells may differentially respond to the inhibitor, it is interesting that the percentage of astrocytes that take up the peptide inhibitor (45%) is similar to the extent of CaMKII inhibition (40%).
Compromised Glutamate Uptake with CaMKII InhibitionThe extent of neuronal damage after ischemic insult has been shown to be influenced by the increasing accumulation of extracellular glutamate within the infarcted tissue (for review, see Ref. 39 ). We previously identified that CaMKII inactivation within neurons enhances excitability via glutamate accumulation in the media (20) . Moreover, a loss of CaMKII activity induced neurotoxicity via enhanced sensitivity to extracellular glutamate. Because astrocytes are known to greatly affect the tolerance of cytotoxic levels of glutamate in co-cultures (23) , it was surprising that neurons were not spared in co-cultures with astrocytes (20) . One potential explanation for these findings is that CaMKII inhibition in the co-cultures compromised astrocyte uptake of extracellular glutamate. To test this idea, [ 3 H]glutamate was applied to astrocytes for 20 min in the presence and absence of CaMKII inhibitors, and [
3 H]glutamate uptake was quantified using liquid scintillation of cell lysates as described previously (40) . Consistent with previous work showing that cultured cortical astrocytes express the GLT-1 and GLAST (EAAT-1 and EAAT-2, respectively) glutamate transporters (41-43), DL-threo-␤-Benzyloxyaspartic acid (TBOA) (44) pretreatment within our cultures resulted in a significant decrease in glutamate uptake (Fig. 2) . Thus, consistent with earlier studies, nearly ϳ70% of glutamate uptake in cultured cortical astrocytes is active uptake via glutamate transporters (45, 46). Pretreatment with CaMKII inhibitors, both the peptide inhibitor tat-CN21 and the small molecule inhibitor KN-93 resulted in a significant reduction in [ 3 H]glutamate uptake (Fig.  2) . However, no change in uptake was observed when astrocytes were pretreated with the respective inactive controls, tatCN21Ala or KN-92 (Fig. 2) . Similarly, both a tat-tagged and a myristoylated form of a peptide inhibitor derived from the autoregulatory domain of CaMKII, termed AIP, reduced [ 3 H]glutamate uptake, with a 43.8 Ϯ 1.9% (n ϭ 3) reduction associated with tat-AIP and a 43.5 Ϯ 24.8% (n ϭ 3) reduction associated with myr-AIP. These data suggest that small molecule and peptide inhibitors of CaMKII conjugated to various cell-penetrant motifs were able to diminish glutamate uptake within astrocytes. This ϳ40% reduction in glutamate uptake is similar to uptake of the inhibitor in ϳ45% of cells (Fig. 1F) . Together, these data highlight that a loss of CaMKII signaling compromises glutamate uptake, a finding that could contribute to glutamate accumulation in penumbral regions where decreased CaMKII activity is observed after ischemia (14) .
Calcium Oscillations Induced by CaMKII Inhibition-Application of tat-CN21 rapidly induced calcium oscillations in cortical astrocytes. Calcium transients in a single imaged astrocyte are shown in Fig. 3A , whereas time traces for multiple astrocytes are shown in Fig. 3B . The intracellular calcium increase observed in pure astrocyte cultures peaks (ϳ30 s after application) and is slowly reduced over a period of several minutes. The A, shown is a representative image of a field of astrocytes immunostained with GFAP (green), OX42 (red), and Hoechst (blue). B, shown is a representative image of field of astrocytes immunostained with vimentin (red) and panCaMKII (green). C, shown is the average number of cells (n ϭ 3, ϮS.E.) positively stained with GFAP, vimentin, OX42, and CaMKII. D, shown is the average Ca 2ϩ /CaM-stimulated (total) CaMKII activity within astrocyte lysates treated with 10 M tat-CN21 or tat-CN21Ala. Inhibitors were added to the cultures 10 min before lysis, and activity was measured in vitro via 32 P incorporation into the CaMKII peptide substrate AC-2. The asterisk indicates significant difference compared with control (*, p Ͻ 0.05, one-way ANOVA, post-hoc Dunnett's test). E, shown is the average CaM-independent (autonomous) CaMKII activity within astrocyte lysates treated with 10 M tat-CN21 or tat-CN21Ala as described in D. The asterisk indicates significant difference compared with control (*, p Ͻ 0.05, one-way ANOVA, post-hoc Dunnett's test). F, astrocyte uptake of fluorescent-conjugated tat-CN21 and tat-CN21Ala (10 M) was examined using fluorescent microscopy. Total cell number was determined by Hoechst staining. Inset, shown is the average number of cells with fluorescently conjugated tat-CN21 and tat-CN21Ala 20 min after application. area under the curve was quantified to determine total changes in calcium concentration throughout the experiment. Only the active CaMKII inhibitor tat-CN21 induced oscillations in intracellular calcium levels within the astrocytes (Fig. 3, C and D) , as no change was observed with inactive tat-CN21Ala. The small molecule, membrane-permeable inhibitor of CaMKII, KN-93, also produced a rapid increase in intracellular calcium concentrations (Fig. 3D) , whereas KN-92 (inactive control) had no effect. Thus, both peptide and small molecule inhibitors of CaMKII generate oscillations in astrocytic calcium levels.
Although not all cells exhibited these oscillations in intracellular calcium with tat-CN21 application (Fig. 3B) , the 40% of cells that displayed these oscillations is consistent with the percentage of cells (ϳ45%) with fluorescent inhibitor (Fam-tat-CN21) uptake (Fig. 1F) . In addition, the rapid onset of calcium oscillations induced by CaMKII inhibition is consistent with the rapid rate of peptide inhibitor uptake we observed using fluorescently labeled peptides (Fig. 1F) .
It is worth noting that the calcium oscillations induced by CaMKII inhibition within our astrocyte cultures appeared to be much faster than the calcium dysregulation we previously reported in cortical neurons (20) . To verify that these kinetic differences in the disruption of calcium homeostasis observed in enriched cultures of neurons (20) and astrocytes is indeed temporally distinct and not simply due to different culture/ experimental conditions, we repeated the intracellular calcium measurements after CaMKII inhibition in co-cultures of neurons and astrocytes. These neuronal-astrocyte co-cultures are ϳ60% GFAP-positive astrocytes and ϳ40% MAP2-positive neurons (20) . Interestingly, application of tat-CN21 within the co-cultures resulted in a complex pattern of increased intracellular calcium levels that differed from cultures of highly pure astrocytes or neurons (Fig. 4A versus Fig. 3C and Ref. 20) . As before, the inactive control tat-CN21Ala did not alter intracellular calcium homeostasis (Fig. 4A) .
To tease apart the contribution of the neurons/astrocytes toward the changes in Fluo-4AM fluorescence within the mixed culture system, a KCl depolarizing stimulation was used to readily identify the neurons. Because nearly all of the cells that were not MAP-2-positive in these co-cultures were GFAPpositive (20) , the cells that did not immediately respond to KCl were considered astrocytes. Using this method to deconvolute the calcium responses of neurons versus glial cells, we found that neurons undergo a characteristic delayed calcium dysregulation in the presence of astrocytes (Fig. 4B) ; this is kinetically similar to our previous findings in highly enriched cortical cultures (20) . Similar to our findings within enriched astrocyte cultures (Fig. 3C) , astrocytes within the co-culture exhibit a rapid increase in intracellular calcium concentration (Fig. 4, B and C) . There was a delayed burst in intracellular calcium observed (ϳ800 s) in both the astrocytes and neurons of the co-culture (Fig. 4 , A-C), which may have been generated by alterations in neuronglia communication (i.e. released glutamate from neurons or released gliotransmitters from astrocytes).
Alterations in calcium homeostasis within both neurons and astrocytes was not limited to mixed cortical astrocyte/neuron cultures, as tat-CN21 also increased calcium concentration within hippocampal co-cultures loaded with Fura-2FF (Fig. 4, D  and E) . Examination of individual cellular calcium responses within these cultures again indicates that whereas neurons undergo delayed calcium dysregulation (Fig. 4D) , intracellular calcium within astrocytes appears to oscillate when CaMKII is inhibited (Fig. 4E) . In addition to monitoring intracellular calcium, the mitochondrial membrane potential of the hippocampal neurons and astrocytes was measured before and after CaMKII inhibition. Interestingly, the mitochondria of neurons appeared to terminally depolarize at the time of the calcium dysregulation (Fig.  4F ). This concept is consistent with our previous findings that CaMKII inhibition in neurons produces neurotoxicity (20) . In contrast, the mitochondrial membrane potential of astrocytes appeared to track the calcium oscillations with very few cells displaying terminal membrane depolarization (Fig. 4G) . This is consistent with the fact that we see very little astrocyte toxicity (10.71 Ϯ 5.68%, n ϭ 4) under these conditions. Thus, unlike neurons that undergo delayed calcium dysregulation and terminal mitochondrial depolarization associated with neuronal death after CaMKII inhibition, astrocytes display oscillations in calcium and mitochondrial membrane depolarization with minimal toxicity.
Mechanisms Underlying Calcium Influx in Astrocytes after CaMKII Inhibition-To determine if extracellular calcium contributed to the rapid calcium oscillations observed within the astrocytes after CaMKII inhibition, we reduced extracellular calcium and again monitored intracellular calcium using Fluo-4AM before and after CaMKII inhibition. Removal of extracellular calcium prevented tat-CN21-induced calcium increases within the astrocytes, indicating that extracellular calcium is indeed important for the rapid calcium increases associated with CaMKII inhibition (Fig. 5A) . To further dissect mechanisms contributing to calcium entry after CaMKII inhibition, we pharmacologically probed the role of multiple CaMKII substrates within the plasma membrane that are known modulators of calcium signaling. Although the functional role of many of the voltage-and ligand-gated channels in the astrocyte plasma membrane is not fully appreciated, astrocytes express several of these proteins, including L-type (Ca V 1.2) and N-type (Ca V 2.2) calcium channels as well as the NMDA and AMPA receptors (47-50). Pretreatment with 20 M MK-801, the NMDA-receptor antagonist, 10 M CNQX, the AMPA-receptor antagonist, or 10 M nifedipine, the L-type calcium channel blocker, did not reduce the calcium influx associated with the CaMKII inhibition (Fig. 5A) . Surprisingly, the N-type calcium channel blocker, -conotoxin (1 M), completely prevented the oscillations in intracellular calcium produced by CaMKII inhibition (Fig. 5, A and B) . How a loss of CaMKII signaling contributes to aberrant N-type calcium channel activity is unknown, as little is known regarding mechanisms underlying CaMKII regulation of N-type calcium channels (51). However, it is intriguing that N-type calcium channels have been implicated in gliotransmitter release (ATP and glutamate) due to the dependence of this process on calcium/SNARE-dependent exocytosis (52-56).
CaMKII Inhibition Induces ATP Release-Because gliotransmitters are powerful modulators of calcium signaling in neurons and induce calcium oscillations in astrocytes (24, (57) (58) (59) (60) (61) (62) , we explored the hypothesis that CaMKII inhibition leads to aberrant gliotransmitter release in astrocytes. Because a loss of CaMKII in neurons has been shown to lead to aberrant glutamate release (20) , we first elected to measure extracellular glutamate within the astrocyte cultures after application of the CaMKII inhibitors. Surprisingly, neither the peptide inhibitor, tat-CN21 (10 M), nor the small molecule inhibitor, KN-93 (1 M), altered the levels of extracellular glutamate within the astrocyte cultures even after 24 h of treatment (Fig. 6A) .
Next, we measured changes in ATP accumulation in the media as ATP has been shown previously to be one of the most abundant gliotransmitters within cortical astrocytes (24, 26, 63) where its release modulates a number of different purinergic receptors in both neurons and astrocytes (64, 65) . In contrast to extracellular glutamate, we observed that both tat-CN21 (10 M) and KN-93 (1 M) significantly increased extracellular ATP concentration compared with their matched controls (i.e. tat-CN21Ala and KN-92) (Fig. 6B) . Furthermore, myr-AIP (10 M) also significantly increased extracellular ATP with a 1.88 Ϯ 0.50-fold (n ϭ 3) increase over control. Thus, once again, multiple pharmacological inhibitors of CaMKII all lead to a similar phenotype in astrocytes; that is, accumulation of extracellular ATP.
Because N-type calcium channel blockade inhibited increases in intracellular calcium, we pretreated astrocytes with 1 M -conotoxin and again measured extracellular ATP content after CaMKII inhibition. Application of -conotoxin prevented the accumulation of extracellular ATP when CaMKII was inhibited (Fig. 7A) . These data support a model whereby a loss of CaMKII signaling leads to N-type voltage-gated calcium channel activation (Fig. 5, E and F) , calcium influx, and ATP release (Fig. 7A) . As a control, 10 M nifedipine, the L-type calcium channel antagonist, which had no effect on the calcium homeostasis when CaMKII was inhibited, was unable to reduce ATP accumulation (2.02 Ϯ 0.32-fold increase over control n ϭ 3).
Purinergic signaling within astrocytes has been shown to induce a feed-forward release of ATP (66) . Thus, we measured extracellular ATP levels when tat-CN21 was applied to astrocytes in combination with various purinergic receptor antagonists. Suramin, the non-selective purinergic receptor antagonist, decreased extracellular ATP levels compared with cultures treated with tat-CN21 alone (Fig. 7A) ; however, suramin was unable to reduce extracellular ATP levels back to base line (Fig.  7A ). It is difficult to interpret whether the inability to completely abrogate ATP release is a drug potency/specificity issue or whether the initial phase of CaMKII-induced ATP release is produced primarily by N-type calcium channel-activity, as -conotoxin ablated both the alterations in calcium homeostasis and ATP accumulation associated with CaMKII inhibition (Figs. 5 and 7A ). Although astrocytes express several purinergic receptors, CaMKII signaling has been previously linked to P2Y1 and P2X7 receptors (67) . Thus, we next examined whether pharmacological antagonists of these subtypes of purinergic receptors reduced the aberrant increase in extracellular ATP concentration induced by CaMKII inhibition. Interestingly, co-application of tat-CN21 with either MRS 2179, the P2Y1 antagonist, or A 740003, the P2X7 antagonist, led to a significant reduction in extracellular ATP concentrations compared with tat-CN21 alone (Fig. 7A) . Importantly, none of the purinergic receptor antagonists had an effect on basal extracellular ATP concentration (i.e. without tat-CN21) (Fig. 7B) . Because ATP can be broken down within the extracellular environment by ectoATPases, we next measured the extracellular ATP concentration when the ectoATPase inhibitor ARL 6127 was applied in combination with tat-CN21. This resulted in a robust increase in extracellular ATP levels (Fig. 7A) , suggesting that although CaMKII inhibition led to the accumulation of extracellular ATP, this is an underestimate due to ATP degradation by ectoATPases.
To further connect the immediate increase in intracellular calcium concentration observed with CaMKII inhibition (Fig.  5) to the long term accumulation of extracellular ATP (Figs. 6  and 7) , intracellular calcium levels were monitored when purinergic receptors were antagonized before tat-CN21 application. Interestingly, suramin, MRS 2179, and A 740003 all significantly reduced the total calcium influx induced by CaMKII inhibition (Fig. 8) . The inability of these inhibitors to reduce calcium influx back to base line is not surprising, as the N-type calcium channels appear to be responsible for the initial phase of increased calcium concentration and release of ATP (Figs. 5F and 7A). Interestingly, when multiple calcium wave forms for the individual astrocytes were plotted rather than simply integrating the area under the curve as shown in Fig. 8A , it became quite apparent that the oscillations of calcium observed with tat-CN21 (Fig. 5, A and B) are absent in the presence of purinergic antagonists (Fig. 8B) . This is consistent with previous studies indicating that purinergic signaling underlies intracellular calcium waves within astrocytes (68) . The potential for aberrant ATP release induced by a loss of CaMKII signaling is particularly intriguing, as antagonism of purinergic receptors has been shown to decrease infarct size after stroke, suggesting that ATP release may potentiate glutamate-induced excitotoxicity (69, 70) . Together, these data support the model that CaMKII inhibition in astrocytes leads to aberrant N-type calcium channel activity, which in turn leads to ATP release and a feed-forward loop of subsequent calcium oscillations supported by further purinergic signaling.
CaMKII Inhibition in Astrocytes Is
Detrimental for Neuronal Viability-Astrocytes play a critical role in maintaining neuronal function and viability; therefore, alterations in their calcium signaling as well as gliotransmitter uptake and release could have dire consequences on neuronal survival. Previous studies have identified that extracellular ATP contributes to the expansion of neuronal death after ischemia (69, 71, 72) , supporting our hypothesis that the increased extracellular ATP resulting from CaMKII inhibition in astrocytes may induce neurotoxicity. Thus, we examined cellular viability when naïve neurons were treated with astrocyte-conditioned media after astrocyte exposure to CaMKII inhibitors. Compared with control media and conditioned media from astrocytes treated with inactive tat-CN21Ala, conditioned media from astrocytes treated with tat-CN21 significantly increased levels of neurotoxicity (Fig. 9,  A and B) .
Reducing the extracellular ATP levels with antagonists of the P2Y1 or P2X7 receptors (MRS 2179 and A 740003, which significantly reduced extracellular ATP concentrations compared with tat-CN21 alone in Fig. 7 ), led to a significant reduction in neuronal death (Fig. 9) . Furthermore, in Fig. 7A , we show that ectoATPase (ARL 6127) inhibition significantly increased extracellular ATP concentrations compared with tat-CN21 alone. In parallel, we see that this medium with the highest ATP concentration results in the highest level of neuronal death (Fig.  9) .
To show that the increased extracellular ATP associated with CaMKII inhibition is indeed the factor released by astrocytes leading to neuronal death, we applied apyrase to degrade ATP in the astrocytes-conditioned media before testing neuronal toxicity. When increasing amounts of apyrase were added to the conditioned media of astrocytes subjected to CaMKII inhibitors, the levels of neurotoxicity significantly decreased (Fig. 9) . Together, these data indicate that CaMKII inhibition in astrocytes leads to N-type channel activity, alterations in calcium homeostasis, and ultimately ATP release; a process that exacerbates calcium oscillations in astrocytes and induces neuronal death.
DISCUSSION
Astrocytes play critical roles in regulating neuronal function. In addition to regulating the metabolic coupling of neurons and surrounding blood vessels, astrocytes can also modulate neuro- nal activity and plasticity by regulating ion homeostasis, transmitter release, and uptake (for review, see Refs. (23 and 73-76) .
After an ischemic stroke, astrocytes are activated and accumulate within the ischemic core and penumbral regions (77) (78) (79) (80) . This infiltration and activation has been shown to have both beneficial and harmful effects. Neuroprotection can be seen when astrocytes are properly functioning and are able to take up glutamate, buffer K ϩ , and scavenge reactive oxygen species (for review, see Refs. 74 and 81). However, astrocytes within this region can also contribute to neuronal death when these neuroprotective effects are reversed and glutamate, reactive oxygen species, and ATP are released from the astrocytes (27, 28, 31) . Thus, the dysregulation of astrocyte function can have a profound impact on neuronal survival after excitotoxic insult.
Previous studies have indicated that the loss of CaMKII activity after ischemic stroke correlates with the extent of damage (14) . Whether CaMKII is inactivated preferentially in neurons or astrocytes in vivo is not yet known. Our current in vitro data indicate that a loss of CaMKII signaling in astrocytes could have dire consequences on neuronal survival, especially if specific subpopulations of neurons also experience deregulated calcium-glutamate signaling due to decreased CaMKII activity. One major finding of our work is that CaMKII activity is essential for normal glutamate buffering by astrocytes. Thus, the expanding loss of CaMKII activity within the penumbral tissue leads to both increased glutamate release from neurons and decreased glutamate uptake in astrocytes. This in combination with the classical model of glutamate invasion into the penumbra from the damaged cells in the ischemic core may underlie the expansion of neuronal death following insult.
Inhibition of CaMKII in astrocytes altered astrocytic calcium homeostasis and induced oscillations in both intracellular calcium concentration and mitochondrial membrane potential. Calcium oscillations and wave propagation from one astrocyte to a nearby astrocyte are dependent on purinergic receptor activation (63, 68, 82) . Consistent with this, we saw that blockade of purinergic receptors resulted in a decrease in the calcium influx and ablation of the calcium oscillations induced by CaMKII inhibition. Furthermore, an increase in extracellular ATP concentration was observed. Interestingly, there was a direct association with the aberrant calcium influx and the accumulation of extracellular ATP; antagonists that reduced calcium influx also reduced extracellular ATP. These findings are consistent with the cyclic relationship between intracellular calcium and extracellular ATP observed in astrocytes. Increases in cytosolic calcium underlie vesicular ATP release (26, 83) , which then activates purinergic receptors to induce further influx of calcium (24, (57) (58) (59) . Our data highlight how CaMKII inhibition can initiate the cycle of increased ATP release presumably by directly or indirectly leading to N-type calcium channel activation, a process leading to a vicious cycle between calcium influx and increased purinergic signaling. N-type calcium channel dysregulation also contributed to neuronal death when CaMKII was inhibited in cultured cortical neurons (20) . Together, these studies indicate that CaMKII may be a key regulator of N-type calcium channel function; however, further work is necessary to delineate the mechanisms underlying this regulation.
Increased purinergic signaling has long-been implicated in neurodegeneration (for review, see Ref. 84 ). Up-regulation of purinergic receptors and increased extracellular ATP have been associated with ischemia (85) (86) (87) , traumatic brain and spinal cord injury (88, 89) , epilepsy, Parkinson disease, and Alzheimer disease (for review, see Ref. 84 ). Antagonism of purinergic receptors has been shown to decrease infarct size after stroke (69 -72) and improve functional recovery after stroke and spinal cord injury (70, 71, 88) . Although a decrease in overall ATP availability is seen within the ischemic core and penumbral regions, there is a significant increase in extracellular ATP concentration, suggesting that either ATP release is increased or ATP breakdown mechanisms are impaired after ischemia (90) . Our data provide a potential mechanism underlying the accumulation of ATP after ischemia; the inactivation of CaMKII induces astrocytic release of ATP.
The purinergic signaling initiated by CaMKII inhibition negatively impacts both astrocytes and neurons. Within astrocytes, it sustains the calcium oscillations initiated by N-type calcium channels. The increased ATP in the astrocyte-conditioned media instigates neurotoxicity when applied to cultured cortical neurons. Although neurons and astrocytes express a variety of purinergic receptors, we chose to focus on two receptors, P2Y1 and P2X7, both of which have been linked to CaMKII signaling and are known to play a role in maintaining astrocyte function and regulating neuronal viability (67) . P2X7 receptor activation has been shown to produce gliotransmitter release (82, 91, 92) and is often associated with cellular death signaling (93, 94) . P2Y1 signaling has also been implicated in gliotransmitter release (95) , apoptosis (96, 97) , and calcium dysregulation (98) . Thus, it was not surprising when the highly selective antagonists of both P2Y1 and P2X7 were effective at reducing the oscillations observed in astrocyte cultures.
We show for the first time that CaMKII inhibition in astrocytes compromises neuronal survival by increasing astrocytic ATP release. The decrease in glutamate uptake displayed by astrocytes that have lost CaMKII signaling may further contribute to neurotoxicity, as we recently have shown that a loss of CaMKII signaling in neurons exacerbates glutamate and ROS excitotoxicity in cortical neurons (20) . Thus, our working model is that the loss of CaMKII activity within the core and penumbral regions of an ischemic stroke is detrimental for neuronal survival by altering neuronal-neuronal and glial-neuronal communications. Based on this, it is possible that CaMKII inactivation delimits the expansion of neuronal death from the ischemic core into the penumbra. Considering this, identification of avenues that restore CaMKII activity within these tissues may be imperative for affording neuroprotection and stopping the expansion of cellular death away from the core after the insult.
